Pregnancy-specific glycoproteins (Psgs) secreted by the placenta regulate the immune system to ensure the survival of the fetal allograft by inducing IL-10, an anti-inflammatory cytokine. However, it is unknown whether Psgs are involved in more general aspects of immune response other than maternal immunity. Here, we report that Psg18 is highly expressed in the follicle-associated epithelium (FAE) overlaying Peyer's patches (PPs). Bioinformatics analysis with Reference Database for Immune Cells (RefDIC) as well as RT-PCR data demonstrated that Psg18 is exclusively expressed in FAE in adult mice, in contrast to other Psg family members that are either not expressed or only slightly expressed in FAE. Psg18 expression was observed in FAE of germ-free-conditioned mice, and was slightly upregulated after bacterial inoculation. In situ hybridization analysis revealed that Psg18 is widely expressed throughout FAE. Furthermore, Psg18 protein is deposited on the extracellular matrix in the subepithelial dome beneath FAE, where antigen-presenting cells accumulate. These results suggest that Psg18 is an FAE-specific marker protein that could promote interplay between FAE and immune cells in mucosa-associated lymphoid tissues.
Introduction
Epithelial cells lining the mucosal surface are an important mechanical barrier that separates the host's internal milieu from the external environment. In addition to their function as a physical barrier, epithelial cells, sensing microorganism invasion and inflammatory signals on the mucosa, rapidly release an array of chemokines toward the immune cells of the lamina propria to initiate an immune response (Sansonetti, 2004) . Recent studies have demonstrated that homeostasis of the mucosal immune system is regulated by the interaction between epithelial cells and immunocytes. For instance, treatment of dendritic cells (DCs) with the culture supernatant of intestinal epithelial cells resulted in the induction of anti-inflammatory cytokines, interleukin (IL)-10 and IL-6, but not IL-12, in response to Salmonella infection (Rimoldi et al., 2005) . This effect is mediated by thymic stromal lymphopoietin (TSLP) and other factors released by the intestinal epithelium.
Lymph-epithelial interaction seems to be particularly important for FAE. Previous studies on the genetic profiling of FAE have demonstrated that a number of host-defense molecules, including antimicrobial peptides and subsets of chemokines, are upregulated in FAE compared to normal villous epithelium (Hase et al., 2005) . This suggests that FAE may be immunologically activated by signals from immune cells present in SED and lymphoid follicles underneath, and in turn, chemokines secreted by FAE are critical for the recruitment and retention of lymphocytes and DCs in SED, and should be responsible for immunocyte compartmentalization in PPs (Hase et al., 2006; Zhao et al., 2003) . This positive feedback loop underscores the importance of crosstalk between epithelium and immune cells for the maintenance of the microarchitecture in gut-associated lymphoid tissues (GALT).
CD4 + T cells localized in PPs are characterized by their capacity to induce Th2 (IL-4 and IL-10) and Th3 (trans-forming growth factor; TGF-β) cytokines (Chen et al., 1995b) . These Th2/Th3 responses are essential for the production of IgA and the induction of oral tolerance. Multiple studies have proposed that the microenvironment in PPs, including cytokine balance and properties of resident antigen-presenting cells, favors the development of Th2/Th3 cells. This concept is supported by the fact that antigen presentation by freshly isolated PP DCs, but not splenic DCs, promotes the secretion of Th2 cytokines by naïve T cells (Iwasaki and Kelsall, 1999) . However, it is largely unknown what factors confer such a functional phenotype on PP DCs. We hypothesized that certain immunoregulatory molecule(s) secreted by FAE may contribute to the differentiation and/or function of PP DCs, in the context of lymphepithelial interaction. To better understand such immunomodulators, we performed microarray analysis of the gene expression of FAE, followed by bioinformatics analysis using the recently introduced Reference Database for Immune Cells (RefDIC). Consequently, we found as a candidate for such immunomodulators pregnancy-specific glycoprotein 18 (Psg18), which is exclusively expressed in FAE.
Psg18 is a member of Psg family proteins. Psgs are the most abundant fetal proteins in the maternal bloodstream at the late stage of pregnancy (Lin et al., 1974) . Their almost exclusive synthesis by trophoblasts of the haemochorial placenta in rodents and primates is well documented (Kromer et al., 1996; Lei et al., 1992) . Multiple lines of evidence suggest that Psg modulates the maternal immune system to prevent rejection of the allotypic fetus. Low PSG levels are associated with certain pathological conditions in pregnancy (Silver et al., 1993) . The administration of anti-PSG antibodies induced abortion in primates. The immunoregulatory function of PSG is underscored by the observation that PSG suppresses the proliferative response of peripheral blood lymphocytes (Harris et al., 1984) . Furthermore, treatment of human monocytes or murine macrophages with recombinant PSG/Psg proteins induces the secretion of anti-inflammatory cytokines, including IL-10 and TGF-β1 (Snyder et al., 2001) . Likewise, recombinant Psg18 and its N-terminal domain (Psg18N) selectively upregulate IL-10 but not IL-1β, TNF-α or IL-12p40 production in murine macrophages, even when costimulated with lipopolysaccharide, a potent inducer of proinflammatory cytokines (Wessells et al., 2000) . To better understand the role of Psg18 in the mucosal immune system, in the present study we characterized the expression and regulation of this molecule in FAE.
Materials and Methods

Animal experiments
Male BALB/c mice between 7 and 10 weeks old were obtained from Clea Japan Inc. (Tokyo, Japan) and maintained under specific-pathogen-free conditions at the animal facility of RIKEN RCAI. In certain experiments, BALB/c mice were maintained under either germ-free (GF) or conventional (CV) condition at the animal facility of the University of Tokyo as described elsewhere (Narushima et al., 1999) . Inoculation of GF-conditioned mice with a lethal dose (1×10 3 cfu/mouse) of enterohemorrhagic Escherichia coli O157:H7 or Bifidobacterium longum JCM1254 (1×10 8 cfu/mouse) was performed as described previously (Itoh et al., 1988) . FAE samples were collected at days 1 and 7 after B. longum inoculation, or at days 1 and 5 (instead of 7, since the mice die around day 7) after E. coli O157 inoculation. All animal experiments were carried out in accordance with the guidelines for the care and use of laboratory animals of RIKEN Yokohama Research Institute and of The University of Tokyo.
Microarray and bioinformatics analysis
Mouse genome-wide gene expression was examined using the Mouse Genome MOE430 2.0 Probe Array (Affymetrix, Santa Clara, CA). The procedure is basically the same as that described elsewhere (Hase et al., 2005) . Data normalization was performed to scale the data so that the average intensity value on each array was 1, by dividing each expression value by the median of the expression levels on each chip. The expression of Psg family members in various tissues and immune cells was analyzed with Reference Database for Immune Cells (RefDIC), a public bioinformatics database recently developed by RIKEN RCAI, Japan. The reliability of each microarray probe set for Psg was examined with a probe mapping tool in RefDIC, which predicts whether or not each probe set recognizes coding regions of target genes.
The transcription factor binding sites (TFBSs) of several Psg genes were predicted with GEMS launcher software (Genomatix, Munich, Germany). The DNA sequence 500 bp upstream and 100 bp downstream of the transcription start site of each Psg was subjected to the analysis.
RT-PCR analysis
Total RNA was extracted from FAE and small intestinal and colonic epithelium by an RNeasy Mini Kit (Qiagen, Valencia, CA), and the first-strand cDNA was synthesized with ReverTra Ace-α (TOYOBO, Osaka, Japan) using Oligo-dT20 primer. All procedures were performed in accordance with the manufacturer's instructions. Real-time quantitative PCR was performed basically as described previously (Hase et al., 2003) , using SYBR premix Ex Taq (Takara Bio, Otsu, Japan) and an iCycler TM PCR platform (Biorad). The amount of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in each sample was quantified and used as internal control for comparison among the different samples. Primers used for amplification were as follows: 5'-AGCAACGA-AGTCCATCATCAGAG-3' (forward) and 5'-AAGAGCCAACG-GATGGAGATC-3' (reverse) for Psg18. GAPDH primers were described elsewhere.
In situ hybridization (ISH)
DNA fragment corresponding to nucleotide positions 377-820 of mouse Psg18 cDNA (GenBank accession number: NM_011963) was amplified from FAE-derived cDNA by PCR using primers 5'-CTGTGGATCCAAAATGTCACACA-3' (forward) and 5'-GATCTCGAGTCAGAGTTCGTAGG-3' (reverse). The PCR product was digested with BamHI and XhoI and was ligated into pcDNA3.0 digested with the same enzymes. Digoxigenin-labeled RNA probes were prepared by in vitro transcription with T7 or SP6 RNA polymerase and DIG RNA Labeling Mix (Roche Diagnostics, Penzberg, Germany). Paraffin-embedded PP sections were deparaffinized, treated with protease K, and hybridized with 100 ng/ml digoxigenin-labeled RNA probes at 60°C for 16 h. Specific binding was detected by incubating with alkaline phosphataseconjugated anti-digoxigenin antibody (Roche Diagnostics) for 2 h at room temperature, and visualized with purple AP substrate overnight. The sections were counterstained with nuclear fast red.
Immunohistochemistry
Polyclonal anti-mouse Psg18 antibody were raised in two rabbits against a COOH-terminal 16-amino acid peptide (WQAIAQHW-YYYAVMVK) conjugated with BSA, and IgG fraction was purified by using protein A Sepharose (Pharmacia). The peptide sequence highly specific for Psg18 was selected, to minimize the cross-reactivity of the raised antisera to other Psg members. Paraffin-embedded sections of mouse PP, mesenteric lymph node, inguinal lymph node (as a representative of peripheral lymph node), spleen and lamina propria of small intestine were incubated with 0.5% blocking buffer (Roche) in PBS for 30 min at room temperature, followed by incubation with Psg18-specific antibody or control rabbit IgG in blocking buffer for 2 hours at room temperature. The binding of primary Ab was detected with Alexa488conjugated anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA).
In a separate experiment, PP dissected from the small intestine was subjected to whole mount staining with biotin-conjugated hamster anti-mouse CD11c (clone HL3; BD) and the rabbit antimouse Psg18 antibody, followed by Cy5-conjugated streptavidin and Alexa488-conjugated anti-rabbit IgG antibody. The whole mount specimens were analyzed with a Delta Vision RT system (Applied Precision, Issaquah, WA).
Preparation of PP DCs
PPs were excised from the mouse intestinal wall and dissociated with collagenase solution containing 0.5 mg/ml collagenase (Nitta Gelatin), 0.5 mg/ml DNase I (Roche), 2% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, and 20 mM HEPES (pH 7.2) in RPMI 1640 (Invitrogen Life Technologies) at 37°C for 15 min to obtain single cell suspension. The cell dissociation was repeated again in fresh collagenase solution. The single cell suspension was washed with RPMI 1640 twice and subjected to OptiPrep® density centrifugation (ρ=1.065 g/ml; Axis shield).
Flow cytometric analysis
Isolated mouse PP DCs were incubated in FACS buffer (2% FCS in PBS) with anti-CD16/32 (clone 94; eBioscience) for 15min, and then to characterize cell populations, PP DCs were stained with FITC-conjugated mAbs against CD11c (HL-3); PE-conjugated mAbs CD3ε (145-2C11), CD11b (M1/70) or B220 (RA3-6B2); and biotinylated mAbs against CD9 (KMC8) or Rat IgG2a in combination with streptavidin-PE-Cy7 (all from BD Pharmingen). The stained cells were analyzed using a FACSCalibur with CellQuest software (BD Bioscience).
Results
Analysis of Psg transcript distribution in various tissues
We have established a method to separate murine FAE and villous epithelium (VE) from PPs and small intestinal villi, respectively (Hase et al., 2005) . Total RNAs prepared from FAE or VE were subjected to Affymetrix microarray analysis to search for immunomodulators that are specifically expressed in FAE. We found that the expression level of Psg18 was remarkably higher in FAE than in VE (Fig. 1) . This observation is intriguing, considering that Psg family members are believed to be expressed exclusively in the placenta (Kromer et al., 1996) .
Seventeen putative genes, Psg16-32, have been reported as murine Psg family members (McLellan et al., 2005) . Among them, the probe sets for eight well-characterized genes 21, 23, 28, and 32) are included in the Mouse Genome MOE430 2.0 gene chip. To examine the expression of Psg family members in various adult murine tissues including FAE, we performed bioinformatics analysis with RefDIC database search (http://refdic.rcai.riken.jp) (Fig. 1 ). This newly launched database contains 150 microarray analysis data of different tissues and immune cells prepared under various conditions, which enabled us to examine tissue-and cell-wide expression of target genes. Another feature of RefDIC is that the reliability of each probe can be inspected. Although the MOE430 2.0 gene chip contains approximately 45,000 probe sets, all of them do not necessarily correspond to the coding regions of their target genes. Indeed, some probe sets assigned to Psg matched the non-coding region of the target gene when compared to the reference sequence ( Fig. S1 ). Furthermore, a probe set for Psg23 even showed the highest homology to an unrelated gene. Microarray analysis with these unfavorable probe sets may lead to bias of the data obtained. Therefore, only reliable probe sets whose sequences corresponded to the coding regions of target genes were selected and applied to the following analysis.
As shown in Fig. 1 , predominant expression of Psg18 was observed in FAE but not in other cells or tissues. RT-PCR analysis also confirmed that Psg18 is specifically expressed in FAE as well as in the placenta tested as a positive control ( Fig. 2A) . Quantitative PCR analysis demonstrated that the expression level of Psg18 was more than 338-or 24-fold higher in FAE than in small intestinal or colonic epithelium, respectively (Fig. 2B) . Psg28 was also detectable in FAE; however, its expression level was much lower than that of Psg18. On the other hand, Psg16, 17, 19, 21 and 32 were not expressed in the adult mouse tissues and cells examined here. Collectively, these data suggest that Psg18 could be a novel FAE-specific marker in adult mice.
Psg18-specific transcription-factor-binding domains
The results so far suggest that TFBSs necessary for FAE- Fig. 1 . Comprehensive analyses of the expression of Psg family members in various tissues and immune cells with RefDIC. Normalized data of the expression level of each gene are shown as a gradation from green (lowest) to red (highest). With regard to FAE and VE, two different RNA samples were obtained from GF-(left column) and CV-(right column) conditioned groups, respectively. Precise data and information on each sample are available on the web site (http://refdic.rcai.riken.jp/). specific expression may exist in 5'-UTR of Psg18. To predict such TFBSs, 5'-UTR of Psg18 was analyzed with GEMS launcher (Cartharius et al., 2005) and compared with other Psg family members. Nine TFBSs were commonly observed in all the Psg genes tested (Fig. 3A) . On the other hand, four TFBSs, namely, the binding sites for Onecut homeodomain factor HNF6 (HNF6), Pancreas transcription factor 1 (PTF1), BTB/POZ transcription factor (BTBF), and Pregnane X receptor (PXRF), were found only in the Psg18 gene (Fig. 3B ).
Bacterial stimulation upregulates Psg18 expression in FAE
It should be noted that the expression level of Psg18 in FAE was almost twice as much in mice bred under CV condition than in mice bred under GF condition (normalized intensity values are 12.5 and 6.7, respectively). This suggests that Psg18 expression in FAE could be not only controlled autonomously but also affected by external factors such as bacterial colonization. To confirm this, mice bred under GF condition were inoculated with either B. longum or E. coli O157, which is a representative beneficial probiotic or enteropathogenic bacterium, respectively. Microarray data showed that Psg18 expression in FAE was 2-and 3-fold of that under GF condition at days 1 and 5 after E. coli O157 inoculation, respectively (Fig. 4) . B. longum inoculation also upregulated Psg18 expression, although the effect was not as great as that of E. coli O157 inoculation. These data suggest that the expression of Psg18 in FAE may be upregulated by exogenous stimuli such as bacteria.
Psg18 is broadly expressed in FAE
To confirm tissue and cell distributions of Psg18, we analyzed PP tissue sections for Psg18 expression by in situ hybridization. Positive signals were observed predominantly in FAE, but not in the intestinal villous epithelium or the lamina propria (Fig. 5, A-D) . This result is consistent with microarray data and quantitative PCR analysis. Although FAE is heterogeneously composed of enterocytes, M cells, and goblet cells at a lesser frequency, Psg18 transcripts were distributed throughout FAE regardless of cell type. By contrast, no signal was observed on hybridization with a sense probe used as control. This observation further confirmed the FAE-specific expression of Psg18. Fig. 3 . Analysis of promoter regions of Psg genes with GEMS launcher. Red arrow indicates transcription start site. A) Nine TFBSs were commonly found in all the Psg genes analyzed here. Different colors denote different transcription factor families: 1, AP4R; 2, ETSF; 3, EVI1; 4, GATA; 5, GREF; 6, NR2F; 7, PRDF; 8, STAT; 9, ZFHX. B) Four TFBSs were specifically found in the promoter region of Psg18 but not in other Psg family genes. 1, HNF6; 2, PTF1; 3, BTBF; 4, PXRF.
Psg18 protein is predominantly expressed in FAE
To confirm the expression of Psg18 protein, we performed immunofluorescence staining of PPs with Psg18-specific polyclonal antibody. Consistent with ISH analysis data, Psg18 protein was detected in the FAE of PPs (Fig. 5E ). Particularly strong expression of Psg18 was observed not only in the basolateral cytoplasm of FAE, but also in the extracellular space beneath FAE, which could reflect the deposition of secreted Psg18 on the extracellular matrices in SED. Such staining closely resembles that of chemokines secreted from FAE toward SED in PPs (Iwasaki and Kelsall, 2001; Zhao et al., 2003) . Additionally, Psg18 was expressed in FAE of colonic patches (Fig. S2A) . In contrast, Psg18 was not detected in other lymphoid tissues including the thymus, mesenteric lymph node, peripheral lymph node and the lamina propria of the small intestine ( Fig. S2C-F) . These data further confirmed the FAE-specific expression of Psg18.
Immature DCs accumulate at the SED region in PPs (Johansson and Kelsall, 2005) . To examine whether Psg18 deposited on the extracellular matrices beneath the FAE is recognized by DCs, we attempted double staining of Psg18 and CD11c using whole mount specimens of PPs. The 3Dimaging with deconvolution microscopy technique demonstrated that the secreted Psg18 protein reached the DC area of SED, and closely associated with the surface of DCs (Video 1).
We next analyzed the surface expression of CD9 on PP DCs. CD9 is the only receptor reported to bind the Psg family proteins including Psg17 and Psg19 (Waterhouse et al., 2002) . Given that the highly conserved amino acid sequence and the domain structure among Psgs17, 18 and 19, we speculated that Psg18 might also bind to CD9 (Ha et al., 2005) . We found that CD9 is highly expressed by CD11b + DCs that is a major population of DCs residing in the SED in PP (Fig. 6) (Johansson and Kelsall, 2005) . On the other hand, CD9 expression was very low and moderate, respectively, on CD8α + and B220 + DCs, the other DC subsets that have been reported to be present in the interfollicular region of PPs (Asselin-Paturel et al., 2003; Castellaneta et al., 2004; Iwasaki and Kelsall, 2001) .
Discussion
In the present study, we found that Psg18 mRNA and protein were expressed constitutively in FAE of PPs. The Psg family of glycoproteins is a subfamily of carcinoembryonic antigen (CEA), which also includes CEA-related cell adhesion molecules (CEACAMs). The domain structures of Psg are similar to those of CEACAMs; however, Psg lacks the transmembrane domain and is thereby secreted into the bloodstream. Membrane-anchored CEACAMs are widely expressed in both embryonic and adult tissues, and are asso- Fig. 4 . Expression level of Psg18 in FAE of GF-conditioned mice before and after bacterial colonization. PP FAE samples were obtained from mice maintained under GF-condition (GF), 1 (E1) and 5 (E5) days after inoculation with E coli O157, or 1 (B1) and 7 (B7) days after inoculation with B. longum. In each group, FAE samples from three mice were pooled and subjected to Affymetrix microarray analysis. ciated with cell growth, differentiation, and immune regulation (Gray-Owen and Blumberg, 2006; Han et al., 2001) . On the other hand, Psg expression is almost exclusively restricted to the placenta, although a splicing variant of Psg16 that has only a partial N1 domain and no signal peptide is expressed in the brain (Chen et al., 1995a) . Therefore, as far as we know, this is the first report of the production and secretion of full-length Psg in the adult mouse tissue.
It remains to be clarified how Psg18 expression is regulated in FAE. Analysis of the promoter regions of Psg with GEMS launcher has led to the identification of four possible TFBSs inherent to Psg18 but not to the other Psg genes tested. These TFBSs may be responsible for the FAEspecific expression of Psg18. A previous study has shown that the expression of several molecules highly expressed in FAE is regulated by lymphotoxin-β receptor (LT-βR) signaling. For instance, the administration of LT-βR-Fc fusion protein, which competitively blocks binding of LTα/β to LT-βR, reduces CCL20 expression in FAE (Rumbo et al., 2004) . In addition, we recently found that clusterin, whose expression is known to be positively regulated by LT-βR signaling (Huber et al., 2005) , is constitutively expressed in FAE (Hase et al., 2005) (Hase et al., unpublished observation) . We showed that bacterial colonization augmented Psg18 expression in FAE. This could be due to the direct Fig. 6 . FACS analysis of the CD9 expression level on DC subsets isolated from PPs. PP CD11c + cells were stained with anti-CD11b, anti-CD8α or anti-B220 mAbs to distinguish three representative DC subpopulations. Surface expression of CD9 in each subpopulation was further analyzed. Filled histogram, CD9 staining; blank histogram, isotype control staining. Data were representative of three experiments. stimulation of FAE through pathogen recognition receptors including toll-like receptors and NODs. Alternatively, it could also be possible that bacterial antigens stimulate antigen-presenting cells including DCs as well as B and T lymphocytes in SED and/or lymphoid follicles underneath FAE, which in turn, may enhance the expression of LT-βR ligands on these cells (Zinetti et al., 1998) . This could result in the upregulation of Psg18 in FAE, if Psg18 expression depends on the LT-βR-mediated signaling pathway in analogy with CCL20 and clusterin (Huber et al., 2005; Rumbo et al., 2004) .
The fetus is considered to be a kind of allograft in the maternal body; nevertheless, in most cases, immune rejection of the fetus does not occur (Trowsdale and Betz, 2006) . A substantial body of evidence suggests that maternal immunity is skewed toward the anti-inflammatory Th2 condition during pregnancy, which protects the developing fetus from immune rejection. PSG released by the placenta plays a pivotal role in the induction of Th2 response (Snyder et al., 2001) . This dogma could apply to the mucosal immune system as well, especially in the inductive sites of GALT represented by PPs. The bias toward Th2 response in PPs is essential for the production of secretory IgA and the tolerogenic response to commensal bacteria as well as food antigens (Mowat, 2003) . It has been reported that the induction of Th2 response is mainly attributed to a particular subset of CD11b + DCs residing in SED of PPs (Iwasaki and Kelsall, 2001; Sato et al., 2003) . In this report, we found that Psg18 is secreted from FAE and is deposited in the SED region. In addition, CD11b + DC was found to highly express the Psg receptor, CD9. The binding of Psgs to CD9 has been reported to induce Th2 cytokines IL-10 and IL-6 as well as TGF-β 1 in human monocytes and murine macrophages (Ha et al., 2005) . These observations raise the possibility that Psg18 may condition DCs to produce Th2 cytokines via CD9, although further investigation is required to test this hypothesis. Fig. S1 . Psg probe mapping on chromosome. Affymetrix gene chip probes registered for Psg genes were surveyed with the probe mapping tool of RefDIC. The accession number of reference sequence for each gene was shown in italic. Coding sequences (CDS) and untranslated regions (UTR) on exons of each gene were indicated as blue and orange box, respectively. Of note is that the CDS of Psg32 has not been identified yet. Probe sequences that correspond to those of the exon or intron of target gene were indicated with red or green bars, respectively. The probe sets highlighted with red boxes were used for the following experiments. 
